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Domain switching in piezoelectric materials is caused by external loads such as electric ﬁeld and stress
that leads to non-linear behaviour. A study is carried out to compare the non-linear behaviour of 1–3
piezocomposites with different volume fractions and bulk piezoceramics. Experiments are conducted
to measure the electrical displacement and strain on piezocomposites and bulk ceramics under high cyc-
lic electrical loading and constant compressive prestress. A thermodynamically consistent uni-axial
framework is developed to predict the nonlinear behaviour by combining the phenomenological and
micromechanical techniques. Volume fractions of three distinct uni-axial variants (instead of six variants)
are used as internal variables to describe the microscopic state of the material. In this model, the grain
boundary effects are taken into account by introducing the back ﬁelds (electric ﬁeld and stress) as
non-linear kinematic hardening functions. An analytical model based on equivalent layered approach
is used to calculate effective properties such as elastic, piezoelectric, and dielectric constants for different
volume fractions of piezocomposites. The predicted effective properties are incorporated in the proposed
uni-axial model and the dielectric hysteresis (electrical displacement versus electric ﬁeld) as well as but-
terﬂy curves (strain versus electric ﬁeld) are simulated. Comparison between the experiments and sim-
ulations show that this model can reproduce the characteristics of non-linear response. It is observed that
the variation in ﬁber volume fraction and compressive stress has a signiﬁcant inﬂuence on the response
of the 1–3 piezocomposites.
 2013 Elsevier Ltd. All rights reserved.1. Introduction
Piezoceramics are used to transform mechanical variables like
pressure or acceleration into electrical variables (sensor) or electri-
cal variables into mechanical motion or vibration (actuator) due to
the coupled electromechanical effects. Lead zirconate titanate
(PZT) composition is generally used in various commercial applica-
tions since it has high Curie-temperature, remnant polarization
and coercive ﬁeld strength. Piezoelectric materials shows a linear
response at low external ﬁelds. However, these materials typically
exhibit pronounced nonlinear response under sufﬁciently higher
electromechanical loading conditions. Microstructural reorienta-
tion of domains, the so called domain switching, is the main factor
for the non-linear response (Kamlah, 2001; Landis, 2004; Huber,
2005). In addition, intergranular interactions, local ﬁelds, ﬁeld ori-
entation and loading frequencies have an inﬂuence on perfor-
mance behaviour of polycrystalline materials. If PZT materials are
used in transducers or actuators, these materials will be subjected
to combined mechanical and electrical loads. Furthermore, high
blocking stresses are always desired for piezoelectric actuators.
Hence, it is essential to study the inﬂuence of electrical propertiesll rights reserved.
: +91 44 22574052.
).under mechanical constraints. To understand the nonlinear behav-
ior of piezoelectric materials under electromechanical loading var-
ious experimental investigations have been conducted and
reported in the literature (Lynch, 1996; Fotinich and Carman,
2000; Zhou and Kamlah, 2004; Yang et al., 2008).
Even though, a lot of experimental studies have been reported
in the literature, it is worthwhile to study the non-linear effects
theoretically. This theoretical study will help to optimize the load-
ing conditions or the selection of appropriate materials for the
device design. Modeling of constitutive relations can be classiﬁed
into macroscopic (phenomenological) and microscopic (sub-grain)
models based on the initial assumptions. Phenomenological frame-
work starts with describing the current state of the material into
control variables (external variables) and internal variables. The
internal variables are used to describe the current state of the
material and evaluated using kinetic equations. A set of nonlinear
functions of these variables as a power series is used to predict the
aspects of irreversible material behaviour (Kamlah and Tsakmakis,
1999; Kim and Jiang, 2002; McMeeking and Landis, 2002; Elhad-
rouz et al., 2005; Linnemann et al., 2009; Smith and Hu, 2012).
Whereas, micromechanical models are based on the internal
microstructure and the domain switching mechanisms. These
models are based on the description of the material at the
domain or single crystal length scale, and they make use of
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Since the origin of the model includes more physical insight into
the material, these models are believed to be more appropriate
than phenomenological models from the modeling point of view
(Lu et al., 1999; Kessler and Balke, 2001; Huber and Fleck, 2004;
Haug et al., 2007; Arockiarajan et al., 2010; Neumeister and Balke,
2011; Smith and Hu, 2012).
Though bulk piezoelectric materials are very attractive materi-
als for sensors and actuators, they are often limited by their
weight, high acoustic impedance and brittle characteristics which
can cause premature failure (Nelson, 2002). In recent years, piezo-
electric composites have been developed by combining piezoce-
ramic elements with a passive polymer (epoxy). Among all
possible combinations of the piezoelectric composites, 1–3 piezo-
composites with piezoelectric ﬁbers aligned (one dimension) along
thickness direction and embedded in a polymer matrix (three
dimension) is widely adopted conﬁguration due to high electrome-
chanical coupling and low acoustic impedance compared to bulk
PZT (Topolov and Bowen, 2009). However, it is important to study
the non-linear behaviour of piezocomposites subjected to high
loading conditions. An analytical study reported the overall non-
linear behaviour of multiphase composites and it shows that there
is a strong dependence of ﬁbers and mechanical loads (Aboudi,
2005). The epoxy matrix used in piezocomposites are viscoelastic
in nature, the effects of viscoelastic polymer matrix on overall elec-
tro-mechanical response of piezocomposites are also studied
(Muliana, 2010; Shindo et al., 2010). The orientation dependent
electromechanical behaviour of 1–3 piezocomposites has been pre-
dicted experimentally and compared with a theoretical studies
(Zhao et al., 2011).
Literature review justiﬁes that 1–3 type piezocomposites are a
good alternative for bulk PZT ceramics and it is necessary to under-
stand the electro-mechanical behaviour of different ﬁber volume
fractions of these piezocomposites. Simple, accurate and computa-
tionally effective modeling tools are required to model the behav-
iour for a reliable design and optimized performance of these
devices. Hence, the objective of this work is to perform experi-
ments and develop a theoretical framework based on the combina-
tion of micro–macro-mechanical constitutive approach under
coupled electromechanical loading conditions. The simulated
results based on the proposed model will be compared with the
experimental prediction. Subsequently, the overall performance
of piezocomposites with different ﬁber volume fractions will be
compared with the bulk piezoelectric materials (100 % ﬁber
volume). This comparative study helps in a better design of de-
vices. The outline of the paper is as follows: Section 2 describes
the electromechanical experimental setup and procedure. Section
3 deals with the experimental and theoretical prediction ofUTM base
Max test
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Fig. 1. Schematic diagram and photograph of experimentaeffective properties of piezocomposites. The proposed non-linear
model formulation for 1–3 type piezocomposite is elaborated in
Section 4. Finally, the interpretation of experimental results and
comparison with the theoretical results are reported in Section 5.2. Experimental description
Experiments are conducted to measure the electrical displace-
ment and the longitudinal strain of piezoelectric composites with
different ﬁber volume fractions subjected to cyclic electric ﬁeld
and constant uniaxial compressive stress along the ﬁber direction
(poling direction). The measurements were performed using poled
bulk piezoceramics and 1–3 piezocomposites. Cube samples
(10  10  3) mm3 of bulk piezoceramic specimens (100 vol.%
PZT5A1) are provided by Ceramtec and 1–3 piezocomposites with
80 vol. % [800 lm ﬁber diameter], 65 vol.% [250 lm ﬁber
diameter] and 35 vol. % [105 lm ﬁber diameter] PZT5A1 ﬁbers
embedded into the epoxy matrix are supplied by Smart Materials
Corporation. The chemical composition of PZT5A1 samples is lead
zirconate titanate solid solutions. The top and bottom surfaces
are burned with silver electrodes and poled along the thickness
direction-3. The geometry of the sample is decided based on
several factors such as the magnitude of the applied electric ﬁeld,
aspect ratio to get a uniform stress, strain state at the center of
sample and the size of strain gauges which must be bonded to
the sample,dielectric breakdown of the medium and buckling
effects on specimen. Preliminary tests were carried out on these
specimens to select the max load levels rmax and Emax. The
schematic representation and photograph of experimental set up,
to measure the electrical displacement and longitudinal strain un-
der electromechanical loading are shown in Fig. 1.
A special experimental set-up is built for combined electrical
and mechanical loading experiment. A specially designed con-
tainer made up of Teﬂon material is used for holding the specimen.
An electromechanical universal testing machine (UTM) from Jinan
test equipments (WDW-50), is used to provide compressive load to
the test specimen, which is applied across the top and bottom sur-
faces using stress control technique. The specimen is positioned in
the center between two alumina ceramic spacers to insulate the
test frame from the high voltage. Function generator (Tektronix
AFG3022B) is used to generate required cyclic triangular bipolar
signal with steadily increasing amplitude up to 2 V as an input
signal to the ampliﬁer. The generated signal is ampliﬁed to
2 kV using high voltage ampliﬁer (TREK PD05034) and it is ap-
plied to the specimen through thin copper ﬁlms attached to the
alumina blocks. The specimen is completely immersed in a silicone
oil bath to prevent electric discharge. The electrical displacement/r
High voltage
source UTM
l set up to measure electrical displacement and strain.
Table 1
Material parameters of ﬁber and matrix (source:www.smart-material.com).
Material S33ðGPaÞ S13 (GPa) j33 (nF/m) d33 (pC/N) d31 (pC/N)
PZT5A1 116.8 87.1 16.4 440 185
Epoxy 3.9 1.67 0.04 0 0
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(Zhou et al., 2005a). The bottom of the test specimen is connected
in series with known reference capacitor (10 lF) and the ground. A
high-input impedance electrometer (Keithley 6517B) is used to
measure the voltage variation in the reference capacitor. Longitu-
dinal strain gauge (QFBX-04–11-005LE-Tokyo Sokki kenkyujo Co.,
Ltd) is bonded to the center of one face to measure the strain par-
allel (longitudinal) to the polarization direction.The strain gauge is
connected to a wheatstone bridge signal conditioner (SYSCON).
The data are recorded with DAQ card (NI 9215) using Labview.
Experiments are conducted at room temperature under ‘quasi-
static’ loading conditions.
Experiments are also conducted for multi-axial polarization
rotation tests (0;90 and 180) on 1–3 piezocomposites and bulk
PZT under combined electric and mechanical loading. In these
experiments the external loads are applied at angles to the initial
poled direction of the 1–3 piezocomposites and the response is
studied.
3. Prediction of effective properties for 1–3 piezocomposites
The linear constitutive relation for bulk piezoelectric material is
expressed as
D ¼ j  Eþ d : r;
 ¼ C : rþ dT  E
ð1Þ
where D; E; ;r;d;j; C denotes dielectric displacement, electric
ﬁeld,strain, stress, piezoelectric coupling coefﬁcient constant and
compliance constant respectively. The constitutive relation for pie-
zoelectric material (with tetragonal crystal structure) consists of ten
material constants such as two dielectric permittivity, ﬁve elastic
constants and three piezo-coupling coefﬁcients, since it is trans-
versely isotropic in nature. The structure of 1–3 piezoelectric com-
posites shows that the piezoelectric rods (continuous connectivity
in one dimension) are embedded into the matrix (continuous con-
nectivity along all three dimensions).
Experiments have been performed to measure the required
three material constants (S33; d33; k33) along the poling direction
for bulk PZT and 1–3 piezocomposites, of different ﬁber volume
fraction based on IEEE standards with weak-ﬁeld (< 0:01 kV/mm)
techniques [resonance and anti-resonance method] (IEEE, 1988).
Though the effective material properties can be measured experi-
mentally, it is mandatory to develop a model which helps to ﬁnd
out the constants for different combination of volume fractions.
In this work, equivalent layered approach is considered where
the second phase layer thickness is proportional to the ﬁber vol-
ume fraction (Kar-Gupta and Venkatesh, 2007). The assumptions
are employed as follows: (1) the normal effective stresses along
longitudinal direction (axis 3) and the shear stress in 1–2 plane
are calculated using the weighted sum of ﬁber and matrix constit-
uents. (2) Based on the overall homogeneous stress equilibrium the
stresses along the transverse directions in 1 & 2 and shear stresses
in 1–3 & 2–3 planes are considered to be equal for the ﬁber, cera-
mic and 1–3 composite. (3) Bonding between the ﬁber and matrix
is assumed to be perfect. Therefore, the normal effective strain
along longitudinal direction and the shear strain in 1–2 plane are
considered to be equal for the ﬁber, matrix and 1–3 composite
respectively. (4) Using ‘‘Rule of mixture’’ the effective strains along
the transverse directions and the shear strains on the 1–3 & 2–3
planes, are calculated. (5) Simple theory of series and parallel con-
nectivity is employed to predict the effective electric displace-
ments along the longitudinal direction but, it is considered to be
same in the transverse directions for ﬁber, matrix and 1–3 compos-
ite. (6) The electric ﬁeld is applied along longitudinal direction and
is taken to be same for ﬁber, matrix and 1–3 composite constitu-ents. Along the other two directions,the electric ﬁelds are consid-
ered to be zero. By using the above mentioned conditions into
the constitutive relation, the effective properties can be derived
as follows:
Sc33 ¼ v f 2A1 Sf13  Sm13
 h i
þ v f Sf33 þ vmSm33
dc33 ¼ v f 2A1 df31  dm31
 h i
þ v f df33 þ vmdm33
jc33 ¼ v f 2A2 df31  dm31
 h i
þ v fjf33 þ vmjm33
ð2Þ
where v f ;vm , S, d and j denotes volume fraction of ﬁber, matrix,
stiffness, piezoelectric constant and dielectric permittivity
respectively.
A1 ¼ 1x  v
f Sm11 þ vmSf11
 
vmSf13  vmSm13
 h
þ v f Sm12 þ vmSf12
 
ðvmSf13  vmSm13
 i
A2 ¼ 1x v
f Sm11 þ vmSf11
 
vmdf31  vmdm31
 h
þ v f Sm12 þ vmSf12
 
ðvmdf31  vmdm31
 i
x ¼ ½vmSf112 þ 2v fvmSf11Sm11 þ ½v f Sm112  ½vmSf122
 2v fvmSf12Sm12  ½v f Sm122
ð3Þ
The input data for this model are stiffness, permittivity and piezo-
electric constants of ﬁber (bulk PZT) and matrix (Epoxy); refer
Table 1. Fig. 2 shows the variation of effective stiffness constant
ðS33Þ, piezoelectric charge coefﬁcient ðd33Þ and dielectric permittiv-
ity (j33) using the proposed layered approach. The effective dielec-
tric permittivity (j33) shows a linear variation with respect to ﬁber
volume fraction. However, effective stiffness constant ðS33Þ and pie-
zoelectric charge coefﬁcient ðd33Þ show a non-linear variation at
high (above 80%) ﬁber volume fraction due to the lateral clamping
of the ceramic rods by the polymer matrix. The predicted results are
compared with the measured data for the ﬁber volume fractions un-
der study to validate the model. It shows a good agreement with
deviation of around 5%–10%. Such deviations may be attributed
to grain boundary effects and distribution pattern of ﬁber, which
is not considered in this model. The predicted stiffness constant
ðS33Þ from the layered approach has been appropriately inverted
in order to get the compliance constant ðC33Þ which is used in the
uni-axial model. This model can be used to predict the effective
properties with different volume fractions for further development
in optimizing the piezocomposites.
4. Theoretical formulation
Piezoelectric crystals exhibit their electro-mechanical coupled
properties due to the fact that their crystal structure lacks a center
of symmetry. Above the Curie temperature (Tc), the piezoelectric
materials are in a paraelectric state and the structure of the unit
cell is cubic and centro-symmetric. In a crystal lattice, the relative
atom positions gives rise to a vanishing net dipole moment, result-
ing in null piezoelectric effect. However when the material is
cooled to below Tc it undergoes a phase transformation from cubic
to tetragonal or rhombohedral arrangements. The new phase is de-
noted as the ferroelectric phase; in which relative atom positions
in the crystal lattice might change which give rise to nonzero net
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Fig. 2. Theoretical and experimental results showing the variation of stiffnessðS33Þ,piezoelectric charge coefﬁcient ðd33Þ and dielectric permittivity ðj33Þ with ﬁber volume
fraction.
2262 R. Jayendiran, A. Arockiarajan / International Journal of Solids and Structures 50 (2013) 2259–2270dipole moments usually referred to as spontaneous polarization
(Ps). During such phase transitions, the movements of atoms
apparently result in lattice distortions consequently leading to
mechanical strain which is referred to as spontaneous strain (s).
Considering the tetragonal structure in the present work, a unit cell
can orient in six different directions with respect to the crystallo-
graphic axes as shown in Fig. 3 and each of them is referred to as
a variant or a domain. In the schematic representation, six orienta-
tions can be grouped into four in-plane (X, X0, Z and Z0) and two
out-of-plane (Y and Y0) variants.
Piezoelectric materials exhibit reversible response under smal-
ler external ﬁelds and demonstrate irreversible changes for sufﬁ-
ciently higher ﬁelds. At high external loads, the domain will
reorient in a way, the spontaneous polarization aligns according
to the applied loading direction. This reorientation/change in do-
main is referred to as domain switching and it is irrecoverable in
nature. Hence the combination of reversible and irreversible re-
sponse exhibits a hysteretic behaviour. Thus, the non-linear consti-
tutive equations of the piezoelectric material can be written as
D ¼ d : rþ j  Eþ PI;
 ¼ C : rþ dT  Eþ I;
ð4Þ
where PI and I denotes irreversible or remnant polarization and
strain respectively. A thermodynamically consistent uni-axial mod-
el (Jayabal et al., 2009) is extended to study the non-linear behav-
iour of piezocomposites with different volume fractions. Both the
out-of-plane variants experience positive strain, the correspondingX
Y
Z
Dipole direction
Ps
Ps P
s
Ps
Ps
Ps
Fig. 3. Six different variants present in a tetragonal crystal structure, (X,X0 ,Z and Z0polarization differ in sign but with equal magnitude. Concerning the
in-plane variants, the polarization and strain have same magnitude
for all four possible variants. Since our interest lies along the poling
direction (i.e. Y and Y0), we reduce six possible domain structures
into three variants as two out-of-plane variants (Y and Y0) and
one in-plane variant (i.e X, X0, Z and Z0). The three variants are rep-
resented as 1, 2, 3, where 1 and 2 represents the out-of-plane vari-
ants; 3 represents the in-plane variant and their corresponding
volume fractions are indicated by n1; n2 and n3; refer Fig. 3. These
three volume fractions are considered as state variables represent-
ing the microscopic state of the piezoelectric polycrystal in this
model. The externally applied combined electrical and mechanical
loading may prefer a speciﬁc variant at the expense of other vari-
ants. The volume fraction of each of these variants must satisfy
the consistency condition at any instant of loading (nðnÞ P 0;P
nn
ðnÞ ¼ 1; PnDnðnÞ ¼ 0; n = 1,2,3). Hence, the signiﬁcance of this
model strongly depend on the chosen state variables that combines
both phenomenological and micro-mechanical aspects. The re-
sponse of the piezoelectric material for higher external loads, in
terms of the total polarization and strain at a given instant of load-
ing, can be additively decomposed as reversible (linear - R) and
irreversible (nonlinear - I) polarization and strain respectively,
P ¼
X
n
PRðnÞ þ PIðnÞ
 
;  ¼
X
n
RðnÞ þ IðnÞ ; n ¼ 1;2;3; ð5Þ
where n represents the variants of the crystal structure considered
in this model. The remnant polarization and strain in the above
equation can be written in terms of volume fractions,1
3
2
1
2
3
Y
XX’
Z
Z
Y
’
’
) in-plane and (Y and Y0) out of plane variants in a piezoelectric single crystal.
R. Jayendiran, A. Arockiarajan / International Journal of Solids and Structures 50 (2013) 2259–2270 2263PI ¼
X
n
PðnÞnðnÞ; I ¼
X
n
ðnÞnðnÞ; n ¼ 1;2;3: ð6Þ
Due to the application of external load, the change in remnant
polarization and strain can be expressed in terms of an incremental
quantity ðDÞ as
DPI ¼
X
n
NðnÞDnðnÞ; DI ¼
X
n
HðnÞDnðnÞ; n ¼ 1;2;3; ð7Þ
where NðnÞ ¼ DPðnÞ and HðnÞ ¼ DðnÞ. From the ﬁrst and second prin-
ciples of thermodynamics and by incorporating equilibrium condi-
tions the dissipation potential for the piezoelectric materials can be
written as,X
n
½rDHðm;nÞ þ EDNðm;nÞ  qg;nðm;nÞ |ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
f ðm;nÞ
drv
DnðnÞ P 0 )
X
n
f ðm;nÞdrv Dn
ðnÞ P 0;
m;n ¼ 1;2;3 & m – n: ð8Þ
where q and g;nðm;nÞ denotes the mass density and gibbs energy den-
sity function. f ðm;nÞdrv denotes the driving force required for the do-
mains to switch (n – new possible domain variants; m – present
domain variant) that renders DHðm;nÞ ¼ HðnÞ  HðmÞ and
DNðm;nÞ ¼ NðnÞ  NðmÞ. Subsequently, the driving forces for the for-
ward transformation systems [(3,1), (3,2) and (2,1)] can be derived
as,
f ð3;1Þdrv ¼ rþ
Nð1Þ
DH
E br  bE; ð9Þ
f ð3;2Þdrv ¼ rþ
Nð2Þ
DH
E br þ bE; ð10Þ
f ð2;1Þdrv ¼ 2E
Nð1Þ
DH
 2bE; ð11Þ
where br and bE are denoted as back stress and electrical ﬁelds (de-
pend on the remnant strain and polarization which gets altered dur-
ing the switching process). Hence, the change in volume fraction of
variants during domain switching can be related to the change in
back ﬁelds as
Dbr ¼ h1DI ¼ h1
X
n
HðnÞDnðnÞ; DbE ¼ h2DPI
¼ h2
X
n
NðnÞDnðnÞ; n ¼ 1;2;3: ð12Þ
where h1 and h2 are hardening parameters. Since, piezocomposites
exhibits hysteretic behaviour under large external ﬁeld, the non-lin-
ear hardening rule is been introduced to simulate a realistic hyster-
esis. Experimental observations have demonstrated that the
polarization (domain) switching is a progressive process accompa-
nied by domain nucleation and domain wall movement. Domain
nuclei will grow with an increase in the external electric ﬁeld and
saturates with new domain conﬁguration. This physical phenomena
can be modeled using the plastic modulus (non-linear hardening).
This modulus should reach inﬁnity when the material reaches sat-
urated state (there will be no available domains to switch upon in-
crease in the applied external load). Also, the microstructural
conﬁguration such as grain size can be taken into account in cyclic
plasticity models primarily through the kinematic hardening rules.
The following relation in Eq. (13) was adopted to provide a non-lin-
ear hardening parameter which satisﬁes the above constraints.
h1ðIÞ ¼ 2b
r
max
Hp 1 2IH  1
 2h iIH ;
h2ðPIÞ ¼ 2b
E
max
Np 1 PIN þ 1
 
1
2 1
 2 PIN ; ð13Þwhere brmax;b
E
max;H;N are maximum back ﬁeld due to stress, electri-
cal ﬁeld, remnant strain and polarization respectively. In the pres-
ent work, the hardening parameters are introduced as a function
of internal variables, therefore the back electric ﬁeld and stress
represent the boundary effects in the polycrystalline structure
(Jayendiran and Arockiarajan, 2012). The driving forces are calcu-
lated from Eqs. (9)–(11) for each incremental load. Once the calcu-
lated driving force reaches a critical value (k1 and k2), the domain
switching process is initiated and the transformation is active.
The critical values k1 and k2 are associated with the 90 and 180
domain switching respectively. Once the transformation system be-
comes active and the associated changes in the volume fractions are
determined using implicit Euler method. The evolution equation of
each variant for all possible transformation systems are
DnðnÞ ¼ f
ðm;nÞ
drv  k1
h1DH þ h2Nð1Þ
; m;n ¼ 3;1 & 3;2 & m – n; ð14Þ
DnðnÞ ¼ f
ðm;nÞ
drv  k2
4h2N
ð1Þ ; m;n ¼ 2;1 & m – n: ð15Þ
The above evolution equations are obtained based on the assump-
tion that only one transformation is activated at a given instant.
However, in piezoceramics there is a possibility for all the existing
variants to simultaneously involve in the switching process. The
evolution of more than two distinct variants for the given load
increments can be derived as,
DnðnÞ ¼ 1
2
DbðrÞ
h1DH
þ Db
E
h2N
ðnÞ
" #
; n ¼ 1;2; ð16Þ
Dnð3Þ ¼ 
X
n
DnðnÞ; n ¼ 1;2: ð17Þ
The back ﬁelds Dbr and DbE required in the above expression are
obtained from the driving forces involved in the simultaneous evo-
lution process,
Dbr¼1
2
ð1Þð1þrÞFiþð1Þð1þrÞFj
h i
; i¼ð1)3Þ;ð3)1Þ; j¼ð2)3Þ;ð3)2Þ; ð18Þ
DbE¼1
2
ð1Þð1þsÞFiþð1Þð1þsÞFj
h i
; i¼ð1)3Þ;ð3)1Þ; j¼ð2)3Þ;ð3)2Þ: ð19Þ
where superscript r and s are used to change the sign of the driving
forces with the conditions [r ¼ 1 for ð3 ) 1Þ; ð3 ) 2Þ; else 0] and
[s ¼ 1 for ð2) 3Þ; ð3) 1Þ; else 0]. Fi ¼ Fj ¼ Fðm;nÞ = f ðm;nÞdrv  k, where
the critical ﬁeld k can take the values of k1 or k2 depending upon the
type of transformations. Based on the above mentioned evolution,
the change in volume fractions are updated during the switching
process and the macroscopic response of the piezoceramics is deter-
mined as the sum of reversible (R) and remnant (I) parts of polari-
zation and strain for a particular loading condition
P ¼
X
PRðnÞ þ PIðnÞ
 
nðnÞ ¼
X
n
drþ jEþ NðnÞ
h i
nðnÞ; n ¼ 1;2;3;
ð20Þ
 ¼
X
RðnÞ þ IðnÞ nðnÞ ¼X
n
Crþ dEþ HðnÞ
h i
nðnÞ; n ¼ 1;2;3:
ð21Þ
The systematic computational procedure for the developed model is
represented as a ﬂowchart in Fig. 4 for estimating the internal vari-
ables and the output ﬁelds.
5. Results and discussion
Experiments were conducted on poled piezocomposite speci-
mens with 1, 0.8, 0.65, and 0.35 ﬁber volume fractions (v f ). Preli-
minary tests were conducted to ﬁnd out the withstandability
under compressive stress on different ﬁber volume fraction of
Fig. 4. Flowchart of the analytical procedure adopted for the simulations.
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specimens are subjected to 1=3rd of the maximum compressive
stress along with cyclic electric ﬁeld (2 KV/mm) to obtain the re-
sponse. Various ﬁber volume fractions of 1–3 piezocomposites
were compared with 100% PZT specimen which will help for de-
vice design. Initially, the specimens are subjected to a constant
compressive stress and then, the cyclic electric ﬁeld is applied.
To understand the non-linear behaviour of piezocomposites, the
specimens are subjected to a tri-angular bipolar electric ﬁeld with
an amplitude beyond the coercive (critical) electric ﬁeld (Ec). When
the applied electric ﬁeld approaches the coercive ﬁeld, domains
start to switch in the direction of the applied electric ﬁeld. The irre-
versible polarization and strain get saturated after switch over of
all the favourable domains and the subsequent response becomes
linearly piezoelectric effect.
The developed model is used predict the response of 1–3 piezo-
composites and bulk piezoceramics for different cases of electro-
mechanical loading and ﬁber volume fraction. Initially, the
response of 80% ﬁber volume fractions of 1–3 piezocomposites
with different compressive stress are compared with experimental
observation; refer Figs. 5 and 6. Later, for a particular prestress,
different ﬁber volume fractions of 1–3 piezocomposites are com-
pared with bulk PZT; refer Figs. 7–10. Input parameters for the
developed model such as effective stiffness (S33), dielectric permit-
tivity (j33) and piezoelectric constant (d33) are predicted based on
the layered approach; refer Section 3. The critical energy barriers
(k1; k2,) are assumed to be 120 and 240 MPa respectively. The
other parameters such as remnant polarization (N) and remnant
strain (H) are obtained from the experimental data. Maximumback ﬁelds (bEmax; b
r
max) are freely adjustable parameters to ﬁt the
experimental behavior. The above input parameters are tabulated
in Table 2.
Figs. 5 and 6 show the comparison of experimental and theoret-
ical predictions on dielectric and butterﬂy hysteresis of 1–3 piezo-
composites for different compressive stress. The overall hysteresis
and butterﬂy curves of 1–3 piezocomposites are compressed with
increase in the magnitude of applied compressive prestress. In the
absence of mechanical stress, domain switching between in-plane
and out-of-plane variants is without resistance and faster; so two
successive 90 switching occurs rapidly during cyclic electric ﬁeld
loading that renders a sharp 180 switching. However, due to the
prestress, switching process is restrained appreciably resulting in
the contraction of non-linear response. Also, there is a delay in the
switching process which results in broadening of tails in the butter-
ﬂy curve. It also shows in the reduction of saturation polarization
and strain in proportion with the magnitude of applied stress. The
reason is as follows: Initially, mechanical prestress dominates the
cyclic electrical loading that inﬂuences the domain transformation
from out of plane variants (1 or 2) to in-plane variants (3). However,
domains will prefer to orient along the applied electric ﬁeld direc-
tion (plane 1 or 2). But, the mechanical prestress provides more
resistance for the domains to switch towards out-of-plane direc-
tions (3) 1 or 3 ) 2). In order to overcome the resistance experi-
enced by the in-plane variants, it is necessary to apply high electric
ﬁeld along the out of plane directions. In this model, domain trans-
formations under electromechanical loading is incorporated as
180 domain switching through two consecutive 90 domain
switching. The compressive stress would aid the ﬁrst 90 domain
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Fig. 5. Experimental (left) and theoretical (right) results showing the dielectric hysteresis of 80% PZT ﬁbers subjected to different constant compressive stress with cyclic
electric ﬁeld.
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Fig. 6. Experimental (left) and theoretical (right) results showing the butterﬂy loop of 80% PZT ﬁbers subjected to different constant compressive stress with cyclic electric
ﬁeld.
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enhanced by the high magnitude of electric ﬁeld. The compressive
behaviour in the hysteresis and butterﬂy curves due to mechanical
prestress reduces the dielectric permittivity and coupling coefﬁ-cient along the loading/longitudinal direction. However, there will
be an enhancement in the coupling coefﬁcient along transverse
direction.It is also observed that there is a reduction in the coercive
electric ﬁeld in proportion with increase in uni-axial compressive
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Fig. 8. Experimental (left) and theoretical (right) results showing the butterﬂy hysteresis for the different combination of 1–3 piezocomposites under 0 MPa constant
compressive stress with cyclic electric ﬁeld.
−2 −1 0 1 2
−0.4
−0.3
−0.2
−0.1
0
0.1
0.2
0.3
0.4
E (kV/mm)
D
 (C
/m
2 )
 100% PZT
   80% PZT
   65% PZT
   35% PZT
−2 −1 0 1 2
−0.4
−0.3
−0.2
−0.1
0
0.1
0.2
0.3
0.4
E (kV/mm)
D
 (C
/m
2 )
100% PZT
  80% PZT
  65% PZT
  35% PZT
Fig. 9. Experimental (left) and theoretical (right) results showing the dielectric hysteresis for the different combination of 1–3 piezocomposites under 15 MPa constant
compressive stress with cyclic electric ﬁeld.
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mechanical depolarization. This depolarization leads to decrease
in remnant polarization and also the area encircled by the hyster-
esis loop decreases with the increase in compressive stress.Figs. 7–10 show the comparison of experimental and theoretical
predictions on dielectric and butterﬂy hysteresis of 1–3 piezocom-
posites for different volume fractions under constant compressive
stress. The objective of this study, is to compare the reduction in
Table 2
Material parameters used in model calculation.
v f
ð%Þ
S33
ðGPaÞ
j33
ðnF=mÞ
d33
ðpC=NÞ
N
ðC=m2Þ
H
ð%Þ
bEmax
ðMN=CÞ
brmax
ðGPaÞ
100 116.8 16.4 440 0.35 0.45 8 30
80 56.3 12.9 490 0.30 0.35 6 25
65 38.3 9.4 392 0.26 0.25 5 20
35 25.7 5.3 231 0.12 0.18 3 15
Table 3
Variations in output parameters (remnant polarization (N), remnant strain (H),
saturation polarization (Nsat) and saturation strain (Hsat)) of 1–3 piezocomposite
compared with bulk PZT (100 % ﬁber) at constant compressive stress and cyclic
electric ﬁeld.
Stress
ðMPaÞ
v f
ð%Þ
Variations in
N (%)
Variations in
H (%)
Variations in
Nsat (%)
Variations in
Hsat (%)
Exp. Model Exp. Model Exp. Model Exp. Model
0 80 14 14 22 21 13 10 02 02
65 26 26 42 44 26 26 20 26
35 66 66 60 60 67 67 45 46
15 80 14 14 42 42 15 15 13 13
65 31 31 56 56 26 29 31 29
35 72 72 67 67 68 68 64 66
30 80 29 29 54 54 24 27 32 34
65 46 46 83 83 38 38 46 49
45 80 29 29 60 60 27 30 34 33
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passive epoxy matrix) with bulk PZT. It is observed that there is a
reduction in saturation polarization, remnant polarization, satura-
tion strain and remnant strain with decrease in ﬁber volume frac-
tion. However, there is a signiﬁcant reduction for 35% PZT volume
fraction irrespective of any constant compressive stress; refer
Fig. 11. The reason for the reduction in behaviour is expected, as
the epoxy matrix is passive to the applied electrical ﬁeld. Hence,
it does not take part in dielectric and piezo-electric coupling ef-
fects. Since epoxy is soft and ductile in nature, the load carrying
capacity is substantially lower than the brittle PZT, it also has an
inﬂuence in the mechanical properties. Since the test samples are
subjected to electro-mechanical loading condition, the applied
compressive stress will inﬂuence in the reduction of coercive ﬁeld
due to mechanical depolarization. The decrease in ﬁber volume
fraction (reduction in number of available dipoles) enhances the
mechanical depolarization that causes reduction in remnant polar-
ization and contraction in the response plots. With increase in
compressive stress the coercive ﬁeld decrease with decrease in ﬁ-
ber volume fraction is caused by mechanical depolarization. The
decrease in ﬁber volume fraction assists the mechanical depolar-
ization to occur easily because the number of dipoles available is
less thereby reducing the remnant polarization and contraction
in the response plots. It is also observed from Fig. 8 that the differ-
ence between butterﬂy curve tail and apex is larger for the 80%
and 65%-PZT composites than the 100 % PZT ceramics. This is
likely to be caused by the bias stress-induced ferroelastic switching
which promotes in-plane to out-of-plane (or vice versa) 90
switching (Burcsu et al., 2004; Shieh et al., 2007). The compressive
bias stress to the PZT ﬁbers within the 80% and 65% PZT
composites could be provided by the residual stress at the ﬁber–
matrix interface and/or by the lateral constraint from the epoxy
matrix (lateral clamping of the PZT ﬁbers by the polymer). Also,
it could be due to the variation of effective coupling coefﬁcient
(d33). It can be seen from the experimental results and theoretical0 0.2 0.4 0.6 0.8 1
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Fig. 11. Experimental and theoretical results showing the variation of remnant polarizati
constant compressive stress and cyclic electric ﬁeld.prediction that the d33 value of 80% is higher than 100 % ﬁber vol-
ume fraction. However, this value is low for 65% compared with
100 % (refer Fig. 2). Hence, this coupling coefﬁcient may have an
effect in the butterﬂy curve. Further studies will be focused to
identify these variations by conducting various experiments. The
developed model is capable of predicting the nonlinear behaviour
of 1–3 piezocomposites and is in good correlation with the exper-
imental results. Hence, the developed model can be used to simu-
late the electro-mechanical response for any combinations of
volume fractions. The percentage variation on various output
parameters of 1–3 piezocomposites compared with bulk piezoce-
ramic (100% ﬁber) is tabulated in Table 3. This will provide us
the insight for device designing using piezocomposites replacing
bulk piezoceramic and the appropriate ﬁber volume fraction can
be chosen from the available output parameters depending upon
the requirement.
Experiments are also conducted to study the response of 1–3
piezocomposites and bulk PZT subjected to combined electric
and mechanical loading under multi-axial polarization rotation
tests (0;90 and 180). For 0 and 180 rotation tests, the poled
specimens (10 x 10 x 3 mm3) are subjected to electro-mechanical
loading along and opposite to the initial poling direction respec-
tively. Concerning, 90 rotation test, the parent poled cube samples
(10  10  10) mm3 for different ﬁber volume fraction of 1–3
piezocomposites and bulk PZT are supplied by the manufacturer.
The rectangular blocks (10  10  3) mm3 are cut from the parent
specimen using diamond saw cutter (Buehler low speed saw) with0 0.2 0.4 0.6 0.8 1
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Fig. 12. Schematic representation and loading paths for polarization rotation/bi-axial electrical loading test (Zhou et al., 2006).
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poling (remnant polarization) direction. The cut surface of the
samples are polished and the electroding are done on 10  3mm2
faces using silver paint in order to apply the external loads at an
angle to the remnant polarization direction (see Fig. 12) The exter-
nally applied loading paths for the polarization rotation tests are
shown in Fig. 12. The initial polarization direction of the specimen
is along the path OA, the compressive mechanical load and cyclic
electric ﬁeld are applied along the loading paths from OA to OC.Figs. 13–16 show the experimental and theoretical results on
change in electrical displacement (DD) and strain (De) under polar-
ization rotation test of 80% & 65% PZT ﬁbers subjected to compres-
sive stress (15 MPa) and electric ﬁeld. The model is also employed
to predict the response of the 1–3 piezocomposites under polariza-
tion rotation test (Huber and Fleck, 2001; Zhou et al., 2006). Since
the external load is applied at an angle to the initial poled direction
(0;90 and 180), the initial volume fractions of three distinct
were suitably modiﬁed depending upon the angle of polarization
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Fig. 15. Experimental (left) and theoretical (right) results showing the change in electrical displacement under polarization rotation test of 65% PZT ﬁbers subjected to
15 MPa constant compressive stress and electric ﬁeld.
0 0.5 1 1.5 2
−0.1
−0.05
0
0.05
0.1
0.15
0.2
0.25
0.3
E (kV/mm)
Δ
ε(
%
)
    0o
  90o
180o
0 0.5 1 1.5 2
−0.1
−0.05
0
0.05
0.1
0.15
0.2
0.25
0.3
E (kV/mm)
Δ
ε(
%
)
    0o
  45o
  90o
135o
180o
Fig. 16. Experimental (left) and theoretical (right) results showing the change in strain under polarization rotation test of 65% PZT ﬁbers subjected to 15 MPa constant
compressive stress and electric ﬁeld.
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angle of rotation 0;450;90;135 and 180 the initial volume frac-
tions (n1; n2; n3) were assumed as (1, 0, 0), (0.5, 0, 0.5), (0, 0, 1), (0,
0.5, 0.5) and (0, 1, 0) respectively. Considering the 0 orientation
the electric ﬁeld is applied along the initial poling direction (i.e
loading path OA) leading to linear response of 1–3 piezocompos-
ites. When the angle of rotation is 45 & 90, only one 90 domain
switching takes place leading to increase in electrical displacement
and strain. However, two 90 domain switching is possible when
the angle of rotation is increased beyond 90 (i.e. 135 & 180).
First 90 domain switching reduces the strain and enhances the
electrical displacement, and the subsequent 90 domain switching
invariably enhances both the electrical displacement and strain. In
case of 180 orientation the electric ﬁeld is applied in the opposite
direction to the initial poling direction (i.e loading path OE) and
change in remnant polarization occurs resulting in non-linear re-
sponse.The maximum value of change in electrical displacement
in the 180 orientation is approximately twice the saturation polar-
ization of the material indicating the initial poled state has been
conserved. This model is able to capture the responses for 0;90
and 180 polarization rotation test in comparison with the experi-
mental data. This model can also be extended to simulate the re-
sponse for 45 and 135 polarization rotation test for different
ﬁber volume fractions of 1–3 piezocomposites. It is also observed
that the PZT ﬁbers experience a delay in the switching process
when the angle of rotation is more than 90 due to the inﬂuence
of compressive stress. The change in electrical displacement and
strain decreases with decrease in ﬁber volume fraction for various
polarization rotation tests under constant compressive stress and
cyclic electric ﬁeld. The available number of dipoles availabledecreases with decrease in ﬁber volume fraction and thus reduc-
tion in DD & De with the applied external load.6. Summary
This paper presents the results of experimental and theoretical
study in the 1–3 piezoelectric/polymer composites under cyclic
electrical loading and constant compressive stress. The experi-
ments are conducted to study the non-linear characteristics of 1–
3 piezocomposites with different ﬁber volume fractions. An analyt-
ical homogenization technique based on equivalent layered ap-
proach is applied to evaluate the effective material properties for
different volume fractions of randomly distributed piezoelectric ﬁ-
ber composites. The predicted effective properties based on the
proposed model is compared with the measured experimental data
based on IEEE standards and are found to be in good agreement. To
calculate the non-linear responses of piezocomposites subjected to
electromechanical loading, a thermodynamically consistent uni-
axial model is developed by combining the effects of both phenom-
enological and micro-mechanical approach. A non-linear kinematic
hardening parameter is introduced in this model to capture the
realistic behaviour of 1–3 piezocomposites. Classical hysteresis
and butterﬂy loops are simulated at various magnitudes of com-
pressive stress and different combinations of ﬁber volume fraction.
It is found that the compressive stress has substantial effect in the
reduction of non-linear response of 1–3 piezocomposites. The
experimental and theoretical prediction also show a strong depen-
dence of behaviour of these 1–3 piezoelectric/polymer composites
with the variation of ﬁber volume fraction. Thus, the present study
2270 R. Jayendiran, A. Arockiarajan / International Journal of Solids and Structures 50 (2013) 2259–2270explores the tailoring of piezoelectric ﬁbers embedded into the
epoxy matrix as a replacement for bulk piezoceramic in numerous
applications.
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